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To function adequately, many if not all proteins involved in macromolecular assemblies show conformational polymorphism as an
intrinsic feature. This general strategy has been described for many essential cellular processes. Here we describe this structural
polymorphism in a viral protein, the coat protein of Rabbit hemorrhagic disease virus (RHDV), which is required during virus capsid
assembly. By combining genetic, structure modeling, and cryo-electron microscopy and image processing analysis, we have established the
mechanism that allows RHDV coat protein to switch among quasi-equivalent conformational states to achieve the appropriate curvature for
the formation of a closed shell.
The RHDV capsid structure is based on a T = 3 lattice, containing 180 copies of identical subunits, similar to those of other caliciviruses.
The quasi-equivalent interactions between the coat proteins are achieved by the N-terminal region of a subset of subunits, which faces the
inner surface of the capsid shell. Mutant coat protein lacking this N-terminal sequence assembles into T = 1 capsids. Our results suggest that
the polymorphism of the RHDV T = 3 capsid might bear resemblance to that of plant virus T = 3 capsids.
D 2004 Elsevier Inc. All rights reserved.Keywords: RHDV; Virus capsid; Molecular switch; Cryo-electron microscopy; Three-dimensional structureIntroduction
Rabbit hemorrhagic disease virus (RHDV) is the caus-
ative agent of a highly infectious disease of domestic and
wild rabbits, with relevant economic and ecologic impor-
tance (Cooke, 2002; Moss et al., 2002; Ohlinger et al.,
1990). The disease is characterized by hemorrhagic lesions
that affect the liver and lungs, with a mortality rate of up to
90% at 24–48 h after infection. RHDV is the prototype
strain of the genus Lagovirus within the family Calicivir-
idae. Caliciviruses are non-enveloped, icosahedral viruses
with a polyadenylated single-stranded positive-sense RNA
genome of approximately 7.5 kb.0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.01.021
Abbreviations: cryo-EM, cryo-electron microscopy; 3DR, three-dimen-
sional reconstruction; VLP(s), virus-like particle(s).
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E-mail address: jrcaston@cnb.uam.es (J.R. Casto´n).The genomic RNA contains a long open reading frame
(ORF1) whose primary translation product is a polyprotein
of approximately 257 kDa (Martı´n Alonso et al., 1996;
Wirblich et al., 1996). This polyprotein gives rise to several
mature nonstructural proteins (including a helicase, a pro-
tease, and the RNA-dependent RNA-polymerase, among
others), and the coat protein subunit of 60 kDa (VP60) by
proteolytic processing at eight cleavage sites (Meyers et al.,
2000; Thumfart and Meyers, 2002; Wirblich et al., 1995).
Additionally, VP60 may also be expressed from a subge-
nomic RNA of approximately 2.4 kb (Boga et al., 1992;
Parra et al., 1993). Because a cell culture capable of
supporting authentic RHDV has not been identified, RHDV
capsid protein has been expressed in several heterologous
systems to determine whether it is immunogenic and confers
protection against RHDV. Immunization with the capsid
protein obtained from Escherichia coli (Boga et al., 1994),
Saccharomyces cerevisiae (Boga et al., 1997), plants (Cas-
tan˜o´n et al., 1999; Ferna´ndez-Ferna´ndez et al., 2001), and
Fig. 1. Schematic representation of the VP60 mutants used in this study.
The scheme shows names and numbers of amino acid residues compared
with the VP60 protein. The positions of the amino acids substituted in the
single point mutants are shown. The insertion mutants NT-DA3 and CT-
DAE3 harbor the linear epitope from the transmissible gastroenteritis virus
nucleoprotein DAE3. The positions of the carboxy- and amino-terminal
extensions (mutants NT-DA3 and CT-DA3) are indicated.
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poxvirus-based (Bertagnoli et al., 1996a, 1996b; Fischer et
al., 1997) and baculovirus-based (Laurent et al., 1994;
Marı´n et al., 1995; Nagesha et al., 1995; Sibilia et al.,
1995) systems, respectively, protects rabbits against a lethal
RHDV challenge. In some cases, it also results in the self-
assembly of recombinant RHDV empty virus-like particles
(rRHDV VLPs) with a morphology indistinguishable from
authentic infectious virions when examined by negative
staining electron microscopy (Boga et al., 1997; Laurent
et al., 1994; Nagesha et al., 1995; Sibilia et al., 1995). The
recombinant baculovirus-based system is the most efficient
of these systems to study aspects such as coat protein
structure and assembly.
The three-dimensional structure of several calicivirus
recombinant VLPs as well as authentic virions has been
determined to 20–25 A˚ resolution by cryo-electron micros-
copy (cryo-EM) and image reconstruction, including VLP
of Norwalk virus (rNV VLP) (Prasad et al., 1994b), rRHDV
VLP (Thouvenin et al., 1997), primate calicivirus (Prasad et
al., 1994a), and San Miguel sea lion virus (Chen et al.,
2003). Those studies showed that although there are slight
variations in capsid protein size, caliciviruses are 35–40 nm
in diameter with a T = 3 icosahedral capsid formed by 90
dimers of the capsid protein, which surround 32 large
hollows or cup-shaped depressions. The 3.2 A˚ crystal
structure of the rNV capsid has been reported recently
(Prasad et al., 1999).
In capsids with a T = 3, the icosahedral asymmetric unit
consists of three quasi-equivalent subunits because the
single structural protein must be able to adopt three slightly
different conformations (called A, B, and C), depending on
their quasi-equivalent but different structural environments
in the shell (Harrison, 2001). These different conformers are
usually generated by flexible regions in the protein such as
loops, N ends, and C ends, segments of RNA, metal ions, or
some combination of these (Johnson, 1996). Removal of the
molecular switching mechanism results in the assembly of
aberrant or nonnative structures (Casto´n et al., 2001; Fisher
and Johnson, 1993; Krol et al., 1999; Speir et al., 1995).
Caliciviruses have been studied intensively from a struc-
tural point of view. There are nonetheless several contradic-
tory results with respect to the coat protein of RHDV from
different research groups, whose studies focused mainly on
the antigenic properties of VP60 and its use as an epitope
carrier and gene transfer vehicle. Nagesha et al. (1999)
reported that deletions of 30 amino acids at the N terminus
of VP60, which were replaced by a heterologous six-residue
epitope, gave rise to smaller particles (approximately 27 nm)
than pseudo-native VLPs (approximately 40 nm). Later,
Laurent et al. (2002) and El Mehdaoui et al. (2000) showed
that the first 42 amino acid residues were not essential for
assembly of 38 nm capsids; however, a truncated VP60 with
an internal deletion of 62 amino acid residues at the N
terminus (between residues 31 and 93) assembled into 27
nm particles. In some cases, these deletion mutants were‘‘compensated’’ by insertion of foreign sequences. And
finally, smooth viral particles with diameters of 25–27 nm
have been reported from isolates of liver homogenates from
rabbits (Granzow et al., 1996), but whether they resulted
from truncated VP60 gene expression is still unknown.
We performed an exhaustive structural analysis of VP60
by collection of site-specific deletion and extension mutants.
In contrast to previous results with other caliciviruses, we
demonstrate that the N-terminal region of the coat protein is
involved in the control of the inherent polymorphism of
VP60. Mutants lacking only 29 amino acid residues of this
region lost the ability to acquire different conformations and
assemble mostly into a T = 1 capsid. We also demonstrate
that insertion of foreign epitopes at the N- or C-terminal
regions does not alter the ability of VP60 to form VLPs
similar to authentic virions. Finally, considering that all
calicivirus coat proteins make a similar T = 3 layer, we
propose a model for VP60 that fits properly in the recom-
binant pseudo-native T = 3 capsid structure derived from
cryo-EM combined with three-dimensional reconstruction
(3DR) techniques.Results
Construction and expression of a set of VP60 mutants
To identify regions of the VP60 capsid protein involved
in assembly, we produced a set of 12 recombinant baculo-
viruses expressing different VP60 constructs (Fig. 1). Three
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point, and in-frame addition mutants. The role of N-terminal
residues in the assembly of RHDV VLPs was addressed by
construction of four deletion mutants lacking 29, 42, 61, and
103 amino acids (NT29, NT42, NT61, and NT103, respec-
tively). The C-terminal region was analyzed by construction
of three deletion mutants lacking 30, 60, and 100 amino
acids (CT30, CT60, and CT100, respectively). Additionally,
two significant single point mutants, which were fortuitous-
ly obtained during cloning procedures, mutant G130R (with
a Gly!Arg mutation at position 130) and mutant D296G
(with an Asp!Gly mutation at position 296), were included
in the study. We completed the set of mutants with the
construction of two extension mutants by inserting an 11-
amino acid immunogenic epitope from the transmissible
gastroenteritis virus (TGEV) nucleoprotein, recognized by
the mAb DA3 (Martı´n Alonso et al., 1992), to both the N-
(NT-DA3) and the C-termini (CT-DA3).
Expression levels of the wild-type and the mutant forms
of the VP60 protein in insect cell cultures infected with
recombinant baculoviruses were compared (Fig. 2). SDS–
10% PAGE of infected H5 cell lysates showed the
expression of grossly similar levels of the different VP60
constructs (Figs. 2A–C). The truncated (Fig. 2A), single
point (Fig. 2B), and extension mutants (Fig. 2C) were
detected at the expected molecular weights. A rabbit
hyperimmune serum against RHDV specifically detectedFig. 2. Expression of VP60 mutants. H5 cells were infected with each recombin
PAGE and Coomassie blue staining (A, B, and C) or Western blotting (D, E, an
defined in the main text, the same volume of lysate was loaded for each mutant. I
(VP60)-infected cell lysate controls are included. VP60 mutants were detected by W
and with mAb DA3 to detect the TGEV linear epitope (F). Molecular weight mabaculovirus-expressed wild-type VP60 protein as well as
the truncated mutants (Fig. 2D), the extension mutants
(Fig. 2E), and the single point mutants (not shown). As
expected, proteins NT-DA3 and CT-DA3 were also recog-
nized by mAb DA3 (Fig. 2F), reflecting the presence of
the TGEV-derived peptide.
Electron microscopy analysis of the VP60 mutants
To determine whether capsid protein mutants were able
to assemble into particulate material, H5 cell cultures
infected with recombinant baculoviruses expressing the
VP60 constructs were subjected to CsCl-gradient centrifu-
gation, concentrated, and characterized by SDS–PAGE
analysis and electron microscopy.
Electron microscopy analysis of the VP60- and VP60-
derived enriched fractions (Fig. 3, insets) revealed different
self-assembled structures. Negatively stained wild-type
VP60 showed VLPs that were morphologically indistin-
guishable from authentic virions, approximately 40 nm in
diameter, as previously reported (Fig. 3A). The background
of these electron micrographs was typically clean. Analysis
of NT29 capsids showed that the major component (>90%,
although it could vary in different preparations) was ap-
proximately 30 nm in diameter (Fig. 3B). A minor, approx-
imately 40 nm diameter, component that resembled typical
native rRHDV VLPs (Fig. 3B, arrows) was also detected.ant baculovirus and the infected-cell lysates were analyzed by SDS–10%
d F). To compare the relative protein expression levels of mutant proteins
n addition, wild-type baculovirus (WT) and recombinant-VP60 baculovirus
estern blotting with a rabbit hyperimmune serum against RHDV (D and E)
rkers (MWM) are given on the left (103 Da).
Fig. 3. Analysis of VP60-related particles by negative staining and SDS–PAGE. Electron microscopy of negatively stained VP60-related assemblies (A) VP60,
(B) NT29, (C) NT42, (D) NT61, (E) NT-DA3, and (F) CT-DA3. Purified particles of different VP60 mutants were analyzed for protein content by SDS–10%
PAGE and stained with Coomassie brilliant blue (insets). In NT29 fraction (B), arrows indicate approximately 40-nm particles morphologically related to VP60
capsids (A). In NT61 fraction (D), arrows indicate assemblies with a contour similar to a2-macroglobulin protein complexes. Scale bar = 100 nm.
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analyzed (Fig. 3B, inset), the abundant small assemblies
seen in the background should correspond to capsomers.
They could be generated during the staining with uranyl
acetate because it is improbable that capsomers would pellet
through a sucrose cushion (data not shown). Similar results
were obtained when NT42 (Fig. 3C) and NT61 (Fig. 3D)
capsids were analyzed by negative staining. The capsid
protein lacking 61 N-terminal residues was able to self-
assemble into small capsids with much less efficiency, and
smaller subassemblies were more abundant, probably
reflecting its unstable nature. Some of these small assem-
blies showed a contour similar to a2-macroglobulin protein
complexes (an abundant serum protein), with a characteris-
tic cyrillic H shape (Fig. 3D, arrows) (Mene´ndez-Arias etal., 1992). We did not detect approximately 40 nm VLPs in
the samples of the NT61 mutant.
The chimeric NT-DA3 and CT-DA3 capsids, with fused
peptides at the N- and C-terminal ends, respectively, were
morphologically similar to wild-type VP60 capsids (Figs.
3E and F). Under our experimental conditions, however,
all VP60 C-terminal region deletion mutants, together with
the mutant NT103, were unable to assemble into VLPs,
giving subassemblies of undefined shape that copurified
with a2-macroglobulin protein complexes. NT103 and C-
terminal deletion mutants were also alternatively subjected
to a 20% sucrose cushion instead of a CsCl gradient. The
enriched soluble fraction of these deletion mutants con-
firmed that they did not pellet through the sucrose
cushion, as determined by ELISA (data not shown).
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any kind of assembly.
Taken together, this collection of VP60 mutants indicated
that the 29 amino acid N-terminal region plays a crucial role
in the inherent polymorphism of VP60. The in-frame addi-
tion mutants confirmed that it was not necessary to delete
regions of VP60 to insert small heterologous epitopes.
Cryo-electron microscopy of VP60-related assemblies
Because of the superior efficiency assembly of NT29
capsids, which contained predominantly approximately 30
nm particles, they were considered the representative as-
sembly of the smaller-size VLPs for subsequent structural
analysis by cryo-EM. The major advantage of cryo-EM over
conventional EM techniques is that biological macromole-
cules are observed in a frozen hydrated state in amorphous
ice that closely resembles the native aqueous state. Before
grid preparation, NT29 capsid-enriched fractions were dia-
lyzed against 0.1 M phosphate buffer, pH 6.0, because we
observed that isolated capsomers assembled into VLPs, the
background was thus homogeneously clean, and the electron
cryomicrographs appropriate for further digital analysis. The
dialysis procedure was also applied to VP60 capsid-enriched
fractions to avoid variation in biochemical conditions in
subsequent studies. In cryo-EM, the NT29 capsids measured
approximately 28 nm in diameter and showed a rough outer
surface similar to approximately 40 nm VP60 capsids (Fig.
4). In the 1.9-Am underfocused cryo-electron micrographs
(Fig. 4), small protrusions are apparent in most types of
particles, which were apparently empty. The uniformity in
size and shape of the different VLPs indicates that theirFig. 4. Cryo-electron microscopy of VP60 and NT29 capsids. Purified VP60 (A
particles with the same size and shape as VP60 particles are indicated by arrowsnative morphology was well preserved in the vitrified
samples.
Structure of VP60 capsids
The three-dimensional structure of large and small
rRHDV VLPs was determined from different cryomicro-
graphs having similar underfocus (Fig. 5). Both capsids are
icosahedral and exhibit T = 3 and T = 1 lattices, respectively.
Surface-shaded representations of both maps were based on
the assumption that 180 VP60 molecules make up each T =
3 capsid, and 60 VP60 molecules lacking the 29 amino acid
N-terminal region for each T = 1 capsid, and considering a
value of 0.73 cm3/g as the partial specific volume of protein.
Although T = 3 and T = 1 shells are nonskew capsids, the
capsomers (dimers in both cases) showed an intrinsic
handedness. The enantiomorph maps shown in this study
were chosen based on our docking analysis (see Materials
and methods).
The VP60 capsid revealed the same basic structural
features as those reported by Thouvenin et al. (1997). The
outer diameter of the capsid, measured from the spherically
averaged radial density profile, was approximately 400 A˚,
and the average thickness of the capsid shell was approxi-
mately 38 A˚ (Fig. 6A). The extent of resolution to 24 A˚ in our
map nonetheless allowed us to assign significant new struc-
tural features. As expected, the T = 3 capsid showed 90
dimeric units protruding approximately 53 A˚ from a contin-
uous shell, and surrounded 12 pentameric and 20 hexameric
depressions at the 5- and 3-fold axes, respectively. The
dimeric nature of the protrusions was also clearly deduced
from the transverse central section of the T = 3 map (Fig. 6B,) and NT29 (B) particles imaged at 1.9-Am underfocus. In B, two NT29
. Scale bar = 50 nm.
Fig. 5. Three-dimensional structures of VP60 and NT29 capsids. (A) Surface-shaded representation of the outer surface of the VP60 capsid viewed along a 3-
fold axis of icosahedral symmetry. The positions of the three conformers of VP60 (A, B, and C) are indicated. (B) A model of the VP60 capsid with the front
half of the protein shell removed viewed along a 2-fold axis. Six lid-shaped structures located on the inner surface at the 3-fold axis are indicated by arrows.
(C) Surface-shaded representation of the outer surface of NV capsid at approximately 20-A˚ resolution viewed along a 3-fold axis of icosahedral symmetry.
The three conformers of the coat protein are indicated. (D) Surface-shaded representation of the outer surface of small NT29 capsids viewed along a 3-fold
axis of icosahedral symmetry. T = 1 dimers are shown with the opposite handedness with respect to T = 3 dimers. Two monomers of NT29 protein are
indicated (AV). Scale bar = 200 A˚.
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clearly observed. A true T = 3 capsid must be formed by three
different (quasi-equivalent) conformations of the single coat
protein. Following the nomenclature used initially by Harri-
son et al. (1978), these conformers are called A, B, and C, and
are associated in two different classes of dimeric capsomers,
dimers A/B and C/C (Figs. 5A and 6B). For comparison
purposes, a three-dimensional map of rNV VLPs was calcu-
lated from the atomic structure coordinates filtered to ap-
proximately 20-A˚ resolution (Fig. 5C). In both T = 3
capsids, CC dimers were located at the icosahedral 2-fold
axis and contributing to adjacent hexamers together with B
subunits. The A subunits contributed only to pentamers (Fig.
5A). A/B and C/C dimers were anchored to the continuous
shell of the capsid by two connections. In addition, there were
also four equivalent thin interconnections of each dimer with
its neighbors from a radius of approximately 160 A˚ out to
approximately 170 A˚, as can be seen in the transverse central
section of the map viewed along a 3-fold axis (Fig. 6B, right,
arrows). The continuous shell was not perforated by holes
and showed discernible structural details on its inner surface.
Pentameric and hexameric regions were concave making an
internal cavity. The underneath 3-fold axis cavities were
almost closed by a lid-shaped structure (approximately 40
A˚ thick, approximately 30 A˚ diameter), which was perforated
by three holes (Figs. 5B and 6B, left, indicated by arrows).
NT29 capsid structure
The 3DR of the smaller NT29 capsid, at 26-A˚ resolution,
showed an arrangement based on a T = 1 lattice (Fig. 5D).
The outer diameter of the capsid was approximately 280 A˚.
The capsid is formed by 30 dimeric protrusions located at
the icosahedral 2-fold axis. Dimeric protrusions were con-
formationally identical because they had the same local
environment. However, they are formed by a conformer
different from those forming the T = 3 capsid (labeled AV
because, at first glance, they should be more similar to Athan B or C subunits). In comparison with the protruding
dimers of the VP60 capsid, T = 1 dimers did not show any
arms connecting to each other and are connected to the
continuous shell through thinner connectivities (Fig. 6C).
Radial density profiles of matched T = 1 and T = 3 capsids
showed that the inner shell and protruding dimer dimensions
were nearly identical (Fig. 6A). Both inner protein shell
peaks (110- to 148-A˚ radius for the T = 3 capsid and 61- to
98-A˚ radius for the T = 1 capsid) were almost superimpos-
able, whereas density peaks corresponding to the protru-
sions (approximately 148- to 200-A˚ radius for the T = 3
capsid and approximately 98- to 140-A˚ radius for the T = 1
capsid) were different in intensity, although maintaining the
same length. The internal cavity of the T = 3 protruding
dimers contributed to the depression observed between the
approximately 170- and 185-A˚ radii.
A preliminary 3DR of assembled approximately 40-nm
particles formed by NT29 mutant protein, although limited
in resolution because of the small number of particles and
the consequent lack of different orientations, confirmed that
its morphology was similar to quasi-native T = 3 capsids
formed by VP60 wild-type protein (data not shown).
Comparison of rRHDV and rNV dimers
Direct comparison between T = 3 capsids of rRHDV and
rNV, the best structurally characterized calicivirus, revealed
significant changes with respect to dimer orientation (Fig.
7A). Three-dimensional maps of rRHDV and rNV capsids
were radially cropped at different radii from the particle
center and displayed as surface views down a 2-fold axis,
where major differences can easily be appreciated. We
observed that rRHDV dimers were basically straight rect-
angular prisms from top to bottom, with the shorter side
pointing towards the 5- and 3-fold axis (Fig. 7A, center).
Nonetheless, rNV dimers could be considered rectangular
prisms with a torsion of approximately 45j at approximately
160 A˚ from the center of the capsid (Fig. 7A, left). This
Fig. 7. Comparison of dimers in calicivirus T = 3 capsids. (A) Three-
dimensional maps of NV coat protein (rNV T = 3 column), VP60 (rRHDV
T = 3 column), and NT29 (rRHDV T = 1 column) capsids were radially
cropped at different radii from the particle center and displayed as surface-
shaded representations viewed down a 2-fold axis. rNV capsid was radially
cropped at approximately 190, 178, 167, 156, and 147 A˚ from the particle
center; rRHDV T = 3 capsid at approximately 205, 190, 175, 154, and 137
A˚; and rRHDV T = 1 capsid at approximately 150, 135, 122, 109, and 97 A˚
(from top to bottom). Resolutions of rNV T = 3, rRHDV T = 3, and rRHDV
T = 1 maps were approximately 20, 24, and 26 A˚, respectively. (B)
Schematic diagram showing the 45j rotation in NV dimers with respect to
straight VP60 dimers. The rectangular boxes indicate the morphology of the
different dimers observed at their upper regions (top row) and inner regions
(bottom row), emphasizing the two connections to the inner shell (black
dots). Scale bar = 100 A˚.
Fig. 6. Comparison of the three-dimensional structures of VP60 and NT29
capsids. (A) Radial density profiles from 3DRs of VP60 (solid line) and
NT29 (dashed line) particles. The plots were scaled in density and matched
by superimposing the peaks corresponding to the inner protein shells. (B)
Transverse central sections taken from the 3DR of VP60 capsid viewed
along a 2-fold (left) and a 3-fold (right) axis of icosahedral symmetry. On
the central section viewed along a 2-fold axis, arrows indicate the four lid-
shaped structures transversally cut, and conformers making the sectioned
dimers are indicated. On the central section viewed along a 3-fold axis,
arrows indicate interconnections between dimers from a radius of
approximately 160 out to 170 A˚ above the continuous shell. (C) Transverse
central sections taken from the 3DR of NT29 capsid viewed along a 2-fold
(left), a 3-fold (center), and a 5-fold (right) axis of icosahedral symmetry.
Protein is dark. Scale bar = 200 A˚.
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fold axis at the top of the rectangular prism (Fig. 7B), as
noted from the crystal structure (Prasad et al., 1999). On the
other hand, both rRHDV and rNV protruding parts showed
opposite handedness at the bottom where they contact the
continuous shell. T = 1 rRHDV dimers are similar to straight
cubic prisms, but the contacts at the bottom region showed
the same handedness that T = 3 rNV dimers (Fig. 7A, right).
Modeling the VP60 domain structure
The structure of rNV is known at 3.2-A˚ resolution and
provided the starting point for constructing a homology
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sequence of the 58-kDa coat protein of NV (530 residues) as
template, as derived from the PFAM alignment (about 20%
sequence similarity; see Materials and methods). A simpli-
fied (pairwise) alignment is represented in Fig. 8A.
The NV coat protein subunits are present in three
different conformations, A, B, and C (PDB accession
number: 1IHM). No significant electron density was ob-
served for the first 29 residues of the N-terminal region in A
and C subunits. The N-terminal arm of the B subunit was
nonetheless more ordered and the polypeptide could be
traced from the 10th residue (Fig. 8B, left). VP60 models
were made using the previous alignment, over the three
chains of 1IHM with Swiss-PdbViewer and SWISS-MOD-
EL. The homology model of B subunit of VP60 is shown in
Fig. 8B (right), where additional structural changes wereFig. 8. Homology model of VP60. (A) PFAM alignment of VP60 and NV coat
identified by an asterisk (*) and a dot (.), respectively. Insertion regions found mos
motifs of VP60 are predicted by SWISS-MODEL, and those of NV coat protein
shown as green rods and red arrows, respectively. The color coding for NV coat p
green, the S domain in yellow, the P1 subdomain in red, and the P2 subdomain in bl
a dot above (for VP60) or below (for NV coat protein) the sequence. N-terminal an
protein (Bertolotti-Ciarlet et al., 2002) are indicated. (B) Ribbon representations of t
after docking into the rRHDV T = 3 capsid (right). Observe that S and P domains of
rNV P domain. The color coding of the various domains is as in A. Regions of ins
Gly130 and Asp296 are indicated by green balls. (C) Stereo view of superimposeintroduced after the VP60 model was docked in the T = 3
capsid previously obtained (below). The VP60 amino acid
sequence is 49 residues longer than that of NV coat protein.
The additional residues were accommodated along the
different secondary structural elements without interfering
with the general tertiary structure (colored in orange in Fig
8B, right). VP60 would basically consist of a shell (S)
domain with an arm at the N-terminal region (residues 1–
227), connected by a hinge to a protruding (P) domain
(residues 228–579), which is subdivided into two subdo-
mains, P1 and P2, P2 being an insertion in P1, similarly to
NV coat protein (Fig. 8B, left). The S domain is involved in
forming the icosahedral shell, and the P domain forms the
prominent protrusion emanating from the shell. The three
longest insertions of VP60 relative to the NV coat protein
were located at the top of the P2 subdomain, which mightprotein (1IHM) amino acid sequences. Identical and similar residues are
tly in VP60 are noted by a dashed line in the sequence. Secondary structural
are assigned based on the crystal structure. The a-helices and h-strands are
rotein is as initially shown by Prasad et al. (1999): the N-terminal arm is in
ue. Disordered regions are shown in black. Every 20th residue is indicated by
d C-terminal deletion mutants obtained with VP60 (this study) and NV coat
he structure of the B subunits of rNV capsid protein (left) and model of VP60
VP60 are not continuous, and the P domain is rotated 45j with respect to the
ertions in VP60 relative to NV coat protein are noted in orange. Positions of
d B subunits of VP60 (yellow ribbons) and NV coat protein (blue tubes).
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13 A˚ longer than NV dimers, as deduced from the cryo-EM
reconstructions. A stereoscopic comparison between the
atomic structure of NV capsid protein and the VP60 model
derived from our analysis is shown in Fig. 8C.
Docking of the VP60 model into the T = 3 capsid
By visual observation of the cryo-EM map, we posi-
tioned separately the S domain dimers and the P domain
dimers in each of the two independent positions (dimers A/
B and C/C) within the icosahedral asymmetric unit. All fits
agreed reasonably well with the cryo-EM map. To optimize
them objectively, we refined the orientations by real and
reciprocal space refinement (see Materials and methods). An
observation that indicated the good quality of our docking
analysis was that the cavities lied at the local and strict 2-
fold axis were well preserved (Fig. 9A).
Compared to the original NV coordinates, the refined S
domain was shifted slightly towards the center of the virus
particle (approximately 2 A˚), whereas the protruding domainFig. 9. Docking of the VP60 model in the cryo-electron microscopy reconstruction
from cryo-electron microscopy images is depicted in blue and the structure of the d
lateral view; D, top view) icosahedral particles is shown as a ribbon diagram in dif
for the AV/AV dimer.P of each dimer was considerably shifted (Figs. 9A and B).
The S domain maintained the switch between the ‘‘bent’’ (A/
B) and ‘‘flat’’ (C/C) dimer conformations seen in NV. The
long N-terminal arm of VP60 (Fig. 8A) was mostly missing
in the present model (the first 20 residues in subunit B and 40
residues in A and C), but it should face towards the interior
of the capsid, as suggested by immunological studies
(Capucci et al., 1995; Laurent et al., 1997). The cryo-EM
map revealed additional density features with an appropriate
size to accommodate three or six VP60 N-terminal arms
organized at the capsid interior around the 3-fold axes.
The best fit position of VP60 P domain showed a 45j
rotation with respect to the orientation of the same domain
in NV. This 45j rotation of P domains not only preserved
intradimeric A/B and C/C interactions, but also extended the
pattern of interactions involving interdimeric contacts.
Docking of the VP60 model into the T = 1 capsid
The final model for one dimer in the T = 3 structure was
used as the initial model for fitting into the T = 1 densityof the RHDV particles. The envelope of the three-dimensional map obtained
imers corresponding to the T = 3 (A, lateral view; B, top view) and T = 1 (C,
ferent colors: red for subunit A, dark blue for subunit B, and orange–yellow
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using the same protocol as described in the T = 3 map. The
best fit position into the T = 1 capsid showed a 45j
rotation of the P domain (compared to the position of the T
= 3 rRHDV capsid) returning to the orientation in NV
(Table 2; Figs. 9C and D). Model building analysis revealed
considerable similarity between subunit contacts in T = 1
and T = 3 VLPs. The packing of the S domain that formed
the icosahedral contacts showed that the A/A pentamer
interactions present in T = 3 RHDV VLPs were the most
closely maintained in the T = 1 particles. Trimer and dimer
interactions were also conserved, although to a lesser extent.
On the other hand, the P domain was exclusively involved
in interactions between monomers to form a dimer because
interdimer contacts between P domains were not observed
in the T = 1 VLPs.Discussion
Capsids with T = 3 symmetry are formed by 180 identical
protein subunits with three distinct conformational states
because they must adapt to three slightly different environ-
ments (Harrison, 2001; Liljas, 1986; Rossmann and Johnson,
1989). Although such capsids are common among RNA
plant viruses, one of the few examples among the simple
RNA viruses that infect animals are members of the family
Caliciviridae (Prasad et al., 1999). At present, there is only
one other animal virus group having a T = 3 capsid, the
nodaviruses (Fisher and Johnson, 1993; Tang et al., 2001).
The list of animal viruses with a T = 3-based capsid is
probably longer; another candidate virus is the Hepatitis E
virus, formerly classified in Caliciviridae, but recently
placed into an ‘‘unassigned virus’’ status, whose capsid
morphology appears to be similar to the calicivirus capsid
(Li et al., 1997; Xing et al., 1999). Viruses of the plant viral
family Tombusviridae have a structural organization resem-
bling that of caliciviruses, with 90 protruding dimers, al-
though much shorter in length (Harrison et al., 1978; Hogle
et al., 1986). Other T = 3 plant viruses are either rather
smooth, such as sobemoviruses (Abad-Zapatero et al., 1980;
Bhuvaneshwari et al., 1995; Qu et al., 2000), or show an
intermediate situation with prominent hexamers and pentam-
ers, such as members of the Bromoviridae family (Speir et
al., 1995; Wikoff et al., 1997) and tymoviruses (Canady et
al., 1996; Krishna et al., 1999). The nodavirus capsid is
characterized by a smoother surface because it lacks the
typical projecting dimers. Nonetheless, a recently described
fish nodavirus,Malabaricus grouper nervous necrosis virus,
has a structural organization with 60 trimeric rather than 90
dimeric protrusions (Lin et al., 2001; Tang et al., 2002).
The homology model of VP60
Although RHDV and NV are both caliciviruses, they
exhibit only 20% amino acid similarity in their coat pro-teins. Equivalent levels of similarity occur among other viral
groups, such as members of the sobemovirus group whose
capsid proteins, nevertheless, show a similar fold (Opalka et
al., 2000). Given that the overall capsid structure of RHDV
and NV is similar, it would be expected that the tertiary
structures of their capsid proteins, to some extent, show
similarity. A number of deletions and insertions are usually
anticipated between homologous proteins, but these do not
dramatically alter the folding of VP60 with respect to that of
NV coat protein. The remarkably close correspondence
between the VP60 model and the envelope of the density
defined by the cryo-EM reconstruction, being the fit unique
(Table 2), provides confidence in the VP60 model structure.
Our model for VP60 also matches immunological studies,
suggesting that the N-terminal part of VP60 is buried within
the particle, whereas the C-terminal domain is exposed on
the surface, as for the NV coat protein (Capucci et al., 1995;
Laurent et al., 1997).
Some minor discrepancies are nonetheless observed in
the lower intradimeric cavity and at the top of the dimeric
protrusion, where the VP60 hinge region and three stretches
of amino acid residues (not present in NV coat protein) are
located, respectively (Fig. 9). The VP60 hinge region is
longer than the NV hinge and could be adapted to a more
extended loop, leaving the intradimeric cavity completely
empty. On the other hand, the outermost loops of VP60 in
the hypervariable P2 region are modeled in a compact
manner, leaving a relatively high empty volume. There is
no reason to assume that conformation and these three
insertion stretches may be in a more open disposition, filling
the top dimer homogeneously.
Role of N-terminal residues in RHDV VLP assembly
We generated four deletion mutants that lack 29, 42, 61,
and 103 amino acid residues from the RHDV VP60 N-
terminus. NT29, NT42, and NT61 mutants have deletions
included in the N-arm of VP60, in analogy with the N-arm
of the NV and plant viral coat proteins. The NT103 mutant
nonetheless has a larger deletion comprising elements of the
h-sandwich forming the S domain; this is probably the
reason that the NT103 mutant cannot form any assembled
structure despite its high expression levels.
Our results clearly indicate that the VP60 N-terminal
region dictates the size of the assembled particles. In its
presence, T = 3 particles are formed, but if only 29 amino
acid residues are absent, mainly T = 1 empty shells are
formed. The N-terminal region should contain the determi-
nants for T = 3 capsid assembly. A similar polymorphism
has been previously reported in some T = 3 plant viruses.
Indeed, if the arms are removed by proteolytic digestion or
construction of N-terminal deletion mutants, the N-termi-
nal-less subunits assemble into T = 1 particles (Ciuillel et
al., 1981; Erickson et al., 1985; Lokesh et al., 2002;
Savithri and Erickson, 1983; Sorger et al., 1986). The
behavior of VP60 may be considered similar to tombusvi-
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ruses, mutants lacking the N-terminal region form hetero-
geneously shaped particles, including T = 3 particles (Dong
et al., 1998).
Comparison of NV coat protein and VP60 suggests that
calicivirus family members may use various strategies to
acquire distinct conformational states. In NV, the switching
mechanism appears to be unique (Prasad et al., 1999) and the
relevance of the ordered N-terminal segment of B subunits is
minor because the NT20mutant lacking this ordered region is
able to assemble into T = 3 capsids (Bertolotti-Ciarlet et al.,
2002). It is worth noting that the NV NT20 mutant is
essentially equivalent to the NT29 mutant for RHDV capsid
as deducted from the PFAM alignment (Fig. 8). Additionally,
NV T = 1 and T = 3 particle formation occurs spontaneously
without deletion of the N-terminal region in the absence of
RNA (White et al., 1997). This indicates that the charge
configuration, which is modulated by pH among other
factors, further regulates subunit interactions and hence the
mode of T = 3 versus T = 1 assembly.
The fact that many N-terminal-less subunits of the NT29
mutant are dissociated into capsomers, as detected by
negative staining, together with the requirement for the
slightly acid pH, may reflect the unstable nature of the T =
1 capsid, at least compared with the quasi-native T = 3
capsid. This pH-dependent assembly is possibly the reason
that other research groups did not detect T = 1 particles in
similar N-terminal deletions mutants (El Mehdaoui et al.,
2000; Laurent et al., 2002). This interpretation is also
consistent with our experimental results from cryo-EM
and 3DR analysis. The dimeric protrusions of T = 1 capsids
are slightly thicker than T = 3 capsid dimers at their upper
regions, indicating that intradimeric interactions may be
negatively affected by mutations at the N-arm adjacent to
the S-domain such that either less tight interaction or some
disorder is introduced at the strict 2-fold axis of the
icosahedral T = 1 particle. The lower resolution of the T =
1 capsid may also contribute to this effect. Another line of
evidence that reinforces our hypothesis is derived from
theoretical calculations made with the same structural block
for Flock house virus (Dong et al., 1998) and NV (White et
al., 1997) to model (putative) T = 1 and T = 3 capsids. These
calculations indicated that particle dimensions should be 23
m (for T = 1) and 38 nm (for T = 3). There is significant
deviation in the RHDV capsid because a 40-nm T = 3 shell
(the quasi-native capsid) would theoretically predict a 24-
nm T = 1 capsid rather than 28 nm as deduced from its
radial averaged density plot obtained from cryo-EM 3DRs.
Taking together, these results are also indicating that the
molecular switches may be insufficient to direct correct
assembly because the assembled structures are obtained
under well-defined conditions of pH, ionic strength, and
metal ion concentration.
The unequivocal visualization of the lid-shaped structure
at the 3-fold axis on the inner surface of the T = 3 capsid is
because it obeys icosahedral symmetry. Considering thedocking of the modeled VP60 in the envelope derived from
cryo-EM three-dimensional analyses, its N-terminal end
faces the lid-shaped structure (approximately 40 A˚ thick
and approximately 30 A˚ diameter). Nonetheless, 20 and 40
amino acid residues were missing in the VP60 model of B
and C subunits, respectively, which contribute to the hex-
amers. Because T = 1 and T = 3 capsid structures of rRHDv
VLPs are devoid of nucleic acids, it is tempting to propose
that a region of the N-terminal end of VP60 is ordered in C
or B subunits, forming a structure similar to the 3-fold
annuli observed in T = 3 plant virus (Harrison et al., 1978;
Speir et al., 1995; Timmins et al., 1994; Wikoff et al.,
1997). On the other hand, there is no visible density on the
inner surface around the 5-fold axis, implying that the N-
terminal end would be disordered in A subunits. With
regard to T = 1 capsids, the NT29 mutant protein would
be closely related to the A conformation of VP60 (referred
as AVsubunits) because only it forms bent contacts as in
other T = 1 capsids formed by N-terminal-less coat proteins
and natural T = 1 capsids.
The fact that the insertion mutant NT-DA3 (with an ad-
dition of 12 heterologous residues) can assemble into quasi-
native T= 3 particles may indicate that the residues at themost
N-terminal region are disordered because this heterologous
epitope does not interfere with the switching mechanism.
Although NV and RHDV capsids have a similar design,
our results demonstrate that experimental verification is
necessary for each virus structure. A priori, it would have
been predicted that NV and RHDV coat proteins share
similar switches to adopt quasi-equivalent contacts; howev-
er, VP60 bears closer resemblance to plant viral coat proteins
than to other calicivirus capsid proteins analyzed to date.
The protruding domain
Under our experimental conditions, deletion of C-termi-
nal regions blocked particle formation completely, suggest-
ing that these amino acid residues include essential elements
required for dimer formation. This hypothesis nonetheless
seems improbable, considering that the shortest C-terminal
deletion mutant (30 residues) does not face the major
intradimeric contacts, although is involved in interdimeric
contacts. Alternatively, deletions of C-terminal amino acid
residues may result in misfolding or altered conformation of
the remaining peptide chain, such that assembly is inhibited
by steric hindrance or decreased stability. Shorter deletions
might support assembly of quasi-native T = 3 capsids
because the CT30 mutant includes a modeled h strand of
the P1 subdomain. NV can support different size deletions,
even a deletion comprising the entire P domain, and
assemble into protrusion-less smooth particles (Bertolotti-
Ciarlet et al., 2002). In any case, the RHDV P domain
appears to be more critical, as suggested by its 45j rotation
which involve new interactions, although smooth surface
particles have also been observed in preparations from liver
of infected rabbits (Granzow et al., 1996).
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tion) assembles into virion-size VLPs, suggesting that the
most C-terminal residues face the hollows of the cup-
shaped depressions at the 5- and quasi-6-fold axis. In this
case, there would be a maximum allowed size to insert
heterologous peptides.
Future studies will focus on VLP assembly using full
coat protein subunits and N-terminal truncated versions to
determine possible common intermediates and their oligo-
meric status in both pathways. Our structure of VP60
establishes the basis for using RHDV capsids as carrier
for foreign epitopes because specific sites can be inferred a
priori as convenient insertion sites. These studies will
validate our experimental approach while X-ray atomic
structure is being analyzed.Materials and methods
Virus and cells
Derivatives of Autographa californica nuclear polyhe-
drosis virus (AcMNPV) containing the wild-type RHDV
VP60 gene and the VP60 mutants were propagated in insect
cell lines grown in suspension or monolayer cultures at 28
jC in TNM-FH medium (Sigma) supplemented with 10%
fetal calf serum. Spodoptera frugiperda cells (SF9) were
used for generation of recombinant baculoviruses, plaque
assays, and the preparation of high titer viral stocks.
Trichoplusia ni cells (H5) were used for high level expres-
sion of recombinant proteins.
Cloning of RHDV full-length and mutant capsid genes into
baculovirus transfer vector
The full-length 2.4-kb subgenomic RNA from RHDV
AST/89 strain (Parra and Prieto, 1990) was cloned as
cDNA. The double-stranded cDNA was synthesized by
RT-PCR using RNA from pelleted virions as template (Parra
and Prieto, 1990) and oligonucleotide primers 5V-ATATA-
TCTAGAGTGAATGTTATGGAGGGCAAAG-3V and 5V-Table 1
Sequences of the oligonucleotide primers used to generate the VP60 protein mut
Primer Sequence (5V to 3V)
VP60F CTAGAAGATCTTCATATGGAGGG
VP60R TCCGAAGATCTCAGACATAAGAA
NT29F TAGAAGATCTTCATATGGATCCCG
NT42F TAGAAGATCTTCATATGGCAGAG
NT61F TAGAAGATCTTCATATGGTGGAC
NT103F TAGAAGATCTTCATATGGCCGTG
CT30R TAGAAGATCTTCATTCAGTCAAG
CT60R TAGAAGATCTTCAAAAGGTTAAC
CT100R TAGAAGATCTTCATGACCCAGCT
NTDA3F TCATAGATCTTCATATGGAAAATT
CTDA3R TAGAAGATCTCACTGTGTGTCAT
Note. BglII cloning sites are underlined. Start and stop codons are in boldface.TATATTCTAGAATAGCTTACTTTAAACTATAAACCC-
3V (XbaI site underlined). The cDNA was inserted into the
unique XbaI restriction site of plasmid pUC19 (New England
Biolabs). Three plasmids containing the viral cDNA insert
were obtained: pUC2.4-1, pUC2.4-2, and pUC2.4-3. Se-
quence analysis revealed that the cDNA inserted in plasmid
pUC2.4-1 had the expected nucleotide sequence for RHDV
subgenomic RNA (GenBank accession code Z49271), while
pUC2.4-2 harbored a single nucleotide point mutation (C
instead of G at position 5692 of the RHDV genome) leading
to an amino acid substitution at position 130 of the VP60
protein (Gly! Arg). pUC2.4-3 harbored a single nucleotide
point mutation (G instead of A at position 6191 of the RHDV
genome) leading to an amino acid substitution at position
296 of the VP60 protein (Asp ! Gly).
The baculovirus transfer vector chosen to express the
RHDV capsid protein was plasmid pBacPAK8XB. This
plasmid is a derivative of plasmid pBacPAK8 (Clontech),
which was digested with BamHI and XbaI, blunt ended, and
ligated to eliminate several restriction sites from the multiple
cloning site.
Recombinant baculovirus transfer plasmids containing
the full-length gene of the VP60 capsid protein and the
VP60 mutants were generated by inserting PCR-amplified
fragments flanked by BglII restriction enzyme sites into the
unique BglII restriction site of the pBacPAK8XB transfer
vector. The primers used to amplify the VP60 constructs are
shown in Table 1.
The full-length VP60 gene was subcloned in pBac-
PAK8XB using plasmid pUC2.4-1 as template for the
PCR reaction and the primer pair VP60F/VP60R, originat-
ing plasmid pMVP60. The same primers were used to
construct the single point mutants G130R and D296G in
PCR reactions performed using pUC2.4-2 and pUC2.4-3 as
template, respectively.
The N-terminally truncated genes NT29, NT42, NT61,
and NT103 were amplified using pMVP60 as template and
the primer pairs NT29F/VP60R, NT42F/VP60R, NT61F/
VP60R, and NT103F/VP60R, respectively. The C-terminal-
ly truncated genes CT30, CT60, and CT100 were amplified
using pMVP60 as template and the primer pairs VP60F/ants used in this study
CAAAGCC
AAGCCATTG
GCGTTGTGGCC
AATTCATCCGCATC
CAACAAGAGACATG
CTGAGCCAGATGCT
TCAATGAGTGTGG
TGCCAAACGAAAAAC
GTGGCGTTGACG
ATACAGATGTGTTTGATGACACACAGAAAGCCCGCACAGCGCC
CAAACACATCTGTATAATTTTCTATGGATCTGACATAAGAAAAGCC
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Finally, the insertion constructs NTDA3 and CTDA3, har-
boring a linear epitope from the transmissible gastroenteritis
virus (TGEV) nucleoprotein (Martı´n Alonso et al., 1992),
were generated by PCR amplification using pMVP60 as
template and the primer pairs NTDA3F/VP60R and VP60F/
CTDA3R, respectively. In the final constructs, mutant
CTDA3 harbored a 14-amino acid insertion (RSIE-
NYTDVFDDTQ) immediately before the VP60 stop codon,
and mutant NTDA3 had a 12-amino acid insertion
(MENYTDVFDDTQ) in-frame with amino acid four of
the VP60 sequence (the E/G potential cleavage site present
at the amino terminus of VP60 protein was eliminated in this
construct). The inserted sequences in the resulting recombi-
nant plasmids were verified by sequence analyses.
Generation of recombinant baculoviruses containing
full-length and mutant capsid proteins
All recombinant baculoviruses were produced using the
BacPAK baculovirus expression system (Clontech) accord-
ing to manufacturer’s instructions. Briefly, monolayers of
SF9 cells were cotransfected with recombinant transfer
vectors and Bsu36I triple-cut AcMNPV DNA (Kitts and
Possee, 1993) using the lipofection technique (Felgner et al.,
1987). Recombinant baculoviruses were selected from their
LacZ-negative phenotypes, plaque purified, and propagated
as described elsewhere (King and Possee, 1992).
Expression in insect cells
Expression of full-length and mutant VP60 proteins was
evaluated in insect cell lysates. H5 cell monolayers were
infected at a multiplicity of infection (MOI) of 10 with the
appropriate recombinant baculovirus. Cells were harvested
at 72 h postinfection (hpi), washed once with phosphate-
buffered saline (PBS), and resuspended in PBS supple-
mented with a protease inhibitor cocktail (Complete,
Roche).
SDS–PAGE and Western blot analyses
Samples to be analyzed were boiled for 5 min in protein
dissociation buffer containing 5% (vol/vol) h-mercaptoetha-
nol, 2% (wt/vol) sodium dodecyl sulphate (SDS), 10% (vol/
vol) glycerol, 80 mM Tris–HCl (pH 6.8), and 0.01% (wt/
vol) bromophenol blue. Analyses under nonreducing con-
ditions were carried out in the absence of h-mercaptoetha-
nol. Proteins were resolved by SDS–10% polyacrylamide
gel electrophoresis (PAGE) and visualized by Coomassie
brilliant blue staining.
For Western blot analyses, proteins were transferred from
gels onto polyvinylidene difluoride membranes by standard
blotting procedures. Membranes were saturated (overnight,
4 jC) with PBS–5% (wt/vol) nonfat dry milk and incubated
(1 h, 37 jC) with a rabbit hyperimmune serum againstRHDV to detect VP60 protein (Ba´rcena et al., 2000), or
monoclonal antibody (mAb) DA3 to detect the TGEV linear
epitope (Martı´n Alonso et al., 1992). After several washes
with PBS–0.05% Tween 20, membranes were incubated (1
h, 37 jC) with horseradish peroxidase-conjugated goat anti-
rabbit Ig (Biorad) or horseradish peroxidase-conjugated goat
anti-mouse Ig (Biorad). Membranes were washed extensive-
ly with PBS–0.05% Tween 20 and developed with the
peroxidase substrate (0.05% 4-cloro-1-naphtol, 0.08% H2O2
(30%), 20% methanol in PBS).
VLP production and purification
H5 cell monolayers were infected at a MOI of 10 with
the appropriate recombinant baculovirus. After incubation
(96 h, 28 jC ), infected cells were scraped into the medium.
The culture medium was then clarified by centrifugation (10
min at 5000 rpm using a GSA rotor) and supernatants stored
at 4 jC. Pellets containing the infected cells were resus-
pended in PBS, frozen and thawed once, and lysed by
Dounce homogenization and brief sonication. Cell lysates
were clarified by centrifugation (10 min at 10000 rpm using
a SS-34 rotor). Supernatants of the cell lysates were then
mixed with the corresponding clarified culture media and
centrifuged at 26000 rpm for 2 h using a Beckman SW28
rotor. The pelleted material was resuspended in PBS,
extracted twice with trichlorofluoroethane (Freon 113),
suspended in a solution of CsCl (0.42 g/ml), and centrifuged
at 35000 rpm for 24 h in a Beckman SW55 rotor. The
gradients generated were fractionated by bottom puncture
and aliquots of each fraction were analyzed by ELISA for
the presence of recombinant VP60- and VP60-derived
capsid protein. Fractions containing RHDV-derived VLPs
were pooled, diluted in PBS, and pelleted by centrifugation
at 26000 rpm for 2 h in a Sorvall TH-641 rotor to remove
CsCl. The pellet was finally resuspended in PBS, stored at 4
jC, and used in the following 2–3 days.
Conventional electron microscopy
Samples (approximately 5 Al) were applied to glow-
discharged carbon-coated grids for 2 min. Samples were
negatively stained with 2% (w/v) aqueous uranyl acetate.
Micrographs were recorded with a Jeol 1200 EXII electron
microscope operating at 100 kV at a nominal magnification
of 40000.
Cryo-electron microscopy
Fractions containing VP60 or NT29 capsids were dia-
lyzed against 0.1 M phosphate buffer, pH 6.0, and diluted
until a uniform distribution of particles was observed (when
examined by negative staining). Samples (5-Al drops) were
applied to one side of a holey carbon grid, blotted, and
plunged into a bath of liquid ethane (180 jC) following
established procedures (Dubochet et al., 1988), essentially
Table 2
Statistics in the real and reciprocal space fitting for the RHDV T = 3 and
T = 1 maps
Model orientation
(j) T = 3
Real space
CCa (%)
Real space
Rfactor
b (%)
Reciprocal space
Rfactor
c (%)
45 92.0 36.5 44.6
30 91.8 37.0 43.3
15 92.6 35.0 39.0
Optimumd 94.1 30.1 33.1
15 92.0 35.6 38.7
30 91.8 35.2 42.8
45 92.6 35.0 41.1
NVe 88.5 46.0 48.0
Model orientation
(j) T = 1
Real space
CCa (%)
Real space
Rfactor
b (%)
Reciprocal space
Rfactor
c (%)
45 80.9 42.6 45.0
30 79.2 45.0 46.9
15 88.9 39.0 40.2
Optimumf 90.3 35.5 37.6
15 89.0 38.6 40.6
30 78.1 45.7 47.6
45 79.2 42.7 46.9
a CC ¼Px½qobsðxÞ þ qcðxÞ	2=
P
x 2½qobsðxÞ2 þ qcðxÞ2	.
b R ¼Px AqobsðxÞ  qcðxÞA=
P
x 2AqðxÞA.
c R ¼Ph NFobsðhÞA kAFcðhÞN=
P
h AFobsðhÞA.
d The optimal orientation in T = 3 capsid is obtained by rotating the VP60
P domain 45j with respect to the position in NV.
e The coordinates of NV were used as a starting reference.
f The optimal orientation in T = 1 capsid is obtained by rotating the VP60
P domain 45j with respect to the position in the T = 3 capsid of RHDV
(or by no rotation with respect to the position in NV).
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graphs were recorded under minimal exposure conditions so
that the specimens imaged received exposures of 8–10 e/
nm2 at nominal magnifications of 40000 on a JEOL 1200
EXII electron microscope operating with a tungsten fila-
ment. Images were recorded with 1-s exposure on Kodak
SO 163 electron image films, which were developed in full-
strength Kodak D19 for 12 min at room temperature. In
some experiments, bacteriophage T4 was vitrified, and the
40.5 A˚ axial spacing of its tail-sheath was used as an
internal magnification standard (Moody and Makowski,
1981). Micrographs were assessed for resolution and astig-
matism by computer Fourier analysis, and their defocus
values estimated from the positions of the first zero of the
contrast transfer function (Lepault and Leonard, 1985). For
the selected micrographs analyzed, the first zero was at
approximately (22 A˚)1 for VP60 capsid micrographs and at
(25 A˚)1 for NT29 capsid micrographs.
Image analysis
Micrographs were digitized on a Zeiss PhotoScan TD
scanner (Zeiss, Germany) with a square pixel size cor-
responding to 5.5 A˚/pixel at the specimen. General image
processing operations were carried out using the PIC Soft-
ware system (Trus et al., 1996) running on an Alpha work-
station DPW600au (Compaq). Particles were extracted and
preprocessed using the automated procedure of Conway et al.
(1993). Particle orientations were determined by ‘‘common
line’’ procedures of Fourier analysis (Baker et al., 1988;
Crowther, 1971; Fuller, 1987). The model-based procedures
were used for all subsequent orientation and phase origin
refinements (Baker and Cheng, 1996). For the reconstruction
of T = 3 capsid from the NT29 mutant sample, only model-
based procedures were used. As a starting model, we used the
T = 3 capsid model obtained from VP60 sample (data not
shown). Reconstructions with a set of particles that adequate-
ly represented the icosahedral asymmetric unit were calcu-
lated using Fourier–Bessel techniques (Crowther, 1971) and
complete icosahedral (532) symmetry was imposed in the
final density maps. The underfocus value of the selected
electron micrographs permitted reconstruction of the struc-
tures to a resolution within the first zero of the contrast
transfer function of the electron microscope.
Each reconstruction was based on data from several
micrographs taken in the same session to include 100 images
of empty VP60 particles and 79 images of NT29 particles.
The resolution of the final reconstruction for T = 3 capsid was
estimated to be approximately 24 A˚, as assessed by Fourier
ring correlation (FRC) and Fourier shell correlation criteria
(Conway et al., 1993; Saxton and Baumeister, 1982; Van
Heel, 1987). The resolution of the final reconstruction for the
T = 1 capsid was 26 A˚ according to the FRC criteria.
Reliability of the reconstructions was also tested by repro-
jecting the three-dimensional maps along the orientations of
the individual particles included in the reconstructions. Therelative low number of particles included in our 3DRs,
although appropriate to the achieved resolution, may be due
either to a certain structural heterogeneity of the purified
virions or to the imaging conditions used in this work.
Oligomers of NV coordinates (Prasad et al., 1999) were
generated by VIPER (Reddy et al., 2001) (http://
mmtsb.scripps.edu/viper/viper.html), and the resolution of
the three-dimensional map was filtered to 20 A˚ by using the
Bsoft software package (Heymann, 2001).
Modeling
The VP60 sequence from RHDV (TrEMBL accession
number Q9YND5) belongs to the calicivirus coat protein
(PFAM accession number PF00915) (Bateman et al., 2002).
Thus, VP60 has been modeled using as template Q83884,
530 amino acid residues, from Norwalk virus (crystal
structure: 1IHM, residues 29–520 [for A and C subunits]
and 9–520 [for B subunits] from Q83884), as derived from
the PFAM alignment.
Models were obtained with Swiss-PdbViewer and
SWISS-MODEL (Guex and Peitsch, 1997) (http://www.
expasy.ch/swissmod/SWISS-MODEL.html) and evaluated
with PROSA II (Sippl, 1993) (http://bioserv.cbs.cnrs.fr/
HTML_BIO/frame_valid.html).
VP60 models were made using the previous alignment
over the three different chains of 1IHM (A, B, and C).
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The reconstructed maps were masked to exclude all
density except that corresponding to the capsid. This was
done by subtracting the mean density from the reconstructed
map and setting all density below zero to zero.
Initial docking of VP60 dimers A/B and C/C into the
cryo-EM reconstruction of the T = 3 particles was per-
formed by manual manipulation using O. In this initial
fitting, we positioned the S and P domain dimers sepa-
rately. Further fitting was achieved by matching the
calculated electron density distribution at a resolution of
28 A˚ for dimers A/B and C/C to the electron density from
the 3DR for the two dimers on the RHDV surface that
define the icosahedral asymmetric unit. The algorithm used
optimizes the linear correlation coefficient between two
electron densities (Program GAP J.M. Grimes and D.I.
Stuart, unpublished). The fitting procedure resulted in a
good final correlation coefficients of 93.8% and 94.1% for
the A/B and C/C dimers, respectively. A test was per-
formed to confirm the uniqueness of the results. Compu-
tation of the correlation coefficients between the observed
density for one dimer and the calculated density of the
model rotated in increments of 15j around the icosahedral
2-fold axis away from the optimized fit. The optimum fit
corresponded to the position found in the above refinement
procedure (Table 2). The calculation was performed by
keeping fixed the S domain and rotating the P domain
dimers. The procedure was also used to discriminate the
handedness of the 3DR. Calculations done with the T = 3
capsid with the opposite handedness did not allow dis-
crimination among the different rotations of the dimers. In
addition, the correlation coefficients between observed and
calculated densities for the best model were lower. The
final refined models for the C/C and A/B dimers were then
used as initial model for the docking into the T = 1
reconstructed density.
Reciprocal space fitting
The structure factors corresponding to cryo-EM density
were calculated by inverse Fourier transformation. These
structure factor amplitudes were used to fit the X-ray
structures using CNS rigid body minimization with the
appropriate 60 non-crystallographic symmetry operators.
An artificial temperature factor of 900 A˚2 was applied to
reduce the effect of the Fourier termination ripples.
During the refinement, domains P and S for each A, B,
and C subunit were defined as independent rigid groups.
The Rfactors for the final models were 33% and 37.6% for
the T = 3 and T = 1 particles, respectively, in the
resolution range of 300–30 A˚. As in the real space
fitting, to further validate the process, Rfactors were calcu-
lated for several orientations that would correspond to
different rotations of domains P around the 2-fold axis
(Table 2).
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